The paper studies the electrical properties of polyamide 6-(PA6-) carbon nanotubes (CNTs) nanowebs, obtained through electrospinning. Three different treatments (chemical, mechanical, and mixed) were applied to the CNT in order to prepare the electrospinning solutions. For each treatment, the CNT content was different: 0.5%, 1%, 1.5%, and 2%. The electrical volume and surface conductivity of the obtained samples were studied by measuring their electrical volume and surface resistance. Homemade plate electrodes were used. The samples were also analyzed using a scanning electron microscope (SEM) and an atomic force microscope (AFM). Defects were found on the extremities: solvent traces, flat fibers, and beads. The mixed treatment seems too aggressive and it is not recommended. The AFM analysis gave values for roughness and profile height (Ra and Rz): extreme values were obtained for the chemically and mechanically treated samples. Next, a pristine PA6 sample was used to compare the influence of the CNT content on the electric behavior of the samples. By increasing the pressure on the specimens, the volume resistivity decreased exponentially, while the surface resistivity showed no significant changes, independently of the CNT content. The obtained behavior proves a great potential of the MWNT-PA6 reinforced nanocomposites for sensor applications.
Introduction
Fullerene, which is a third allotropy form of carbon, was discovered in 1985, after the other known forms of carbon: graphite and diamond (which are hybridized sp2 and sp3, resp.). The most famous of all carbon forms in the fields of nanoscience are carbon nanotubes (CNTs). They were observed for the first time in 1991 by Sumio Iijima, a Japanese scientist, who used a high resolution transmission electron microscope (HRTEM). Carbon nanotubes can be found in two structures: single-or multiwalled (SWNT/MWNT) [1] . CNTs possess magnificent thermal, electrical, mechanical, and electrical properties which make them excellent candidates for a lot of applications. It is well known that CNTs can carry a current density of 10 9 A/cm 2 , which is the highest of any known materials [2, 3] .
In order for CNT to be used effectively for obtaining polymer nanocomposites, an appropriate interfacial adhesion between the CNTs and the polymer matrix must be guaranteed [4] [5] [6] . There are usually two distinct techniques: mechanical and chemical. The mechanical approach consists of procedures such as ultrasonication, high shear mixing, and ball milling, while the chemical approach uses surface functionalization of CNTs, in order to improve their chemical compatibility to the polymer matrix and reduce their tendency to agglomerate. In the case of the chemical treatment, boiling acids are used (H 2 SO 4 + HNO 3 ) under ultrasonication, followed by boiling [4] .
In this study, three distinct techniques were applied to the CNTs: chemical, mechanical, and mixed treatments. The last is a combination of the chemical and the mechanical treatments. 4 ), 50% purity, also purchased from Fischer Scientific (France); 93% purity multiwalled carbon nanotubes, with an external diameter of 11 nm and 3.2 ± 1 nm thickness, purchased from Arkema (France). The sulphuric acid is a highly corrosive strong mineral acid, colourless to slightly yellow, viscous, and soluble in water at all concentrations. The nitric acid is also a highly corrosive acid, colourless, with a usual concentration of 68%. Both acids are very toxic.
Protocol of Work.
Firstly, three different types of treatments were applied to the MWNTs: chemical, mechanical, and mixed. The MWNT content was different as follows: 0.5%, 1%, 1.5%, and 2%. The three treatments are described below.
Chemical Treatment.
A mixture of 65% HNO 3 and 50% H 2 SO 4 (v/v = 1 : 3) was prepared in an Erlenmeyer glass and then 4 g of MWNTs was added. The solution was sonicated at 50 ∘ C for 4 hours. Then the MWNTs were separated from the mixture of acids and purified with oxygenated water until the pH value reached 7. Then the MWNTs were left for 48 hours into an oven at 130 ∘ C, for drying. After the drying process, the MWNTs were weighted and there were 2.8 g left. The rest of 1.2 g was wasted during the washing procedure. Next, the acidic MWNTs were split into 4 different concentrations, 0.5%, 1%, 1.5%, and 2%, and dispersed into 27.77 mL of 90% CH 2 O 2 (which is the equivalent of 25 mL of pure CH 2 O 2 ) together with the PA6 pellets. The quantity of PA6 for each solution was calculated so that the final solutions should have a 20% PA6 content. The solutions were left for 72 hours at 70 ∘ C on a magnetic stirrer in order to ease the dissolving process of the PA6 and homogenize the solution.
Four chemically treated solutions resulted. They were left to reach room temperature.
Mechanical Treatment.
The first stage of the mechanical treatment was the separation of 0.1919 g, 0.3861 g, 0.5828 g, and 0.7821 g of MWNT corresponding to the 0.5%, 1%, 1.5%, and 2% MWNT concentrations, into 4 different bottles. 27.77 mL of 90% CH 2 O 2 each was added and left for 1 hour for sonication at 50 ∘ C. The process was followed by high mixing using the Ika T25 digital Ultra Turrax, at 18.000 rpm for 30 minutes. The final step was adding the PA6 pellets quantity so that the final solution should have a 20% PA6 content and then they were left for 72 hours at 70 ∘ C on a magnetic stirrer. The 4 mechanically treated solutions which resulted were left to reach room temperature.
Mixed Treatment.
The same mixture of 65% HNO 3 and 50% H 2 SO 4 (v/v = 1 : 3) which was used for the chemical treatment was prepared in an Erlenmeyer glass and 4 g of MWNTs was added. It was left for sonication at 50 ∘ C for 4 hours and then mixed with Ultra Turrax at 18.000 rpm for 30 minutes. Then the MWNTs were separated from the mixture of acids and washed with oxygenated water until the pH value reached 7. Next, the MWNTs were put into an oven at 130 ∘ C, for 48 hours, for drying. Similar to the previous two procedures, the mixed treated MWNTs were split into 4 different concentrations, 0.5%, 1%, 1.5%, and 2%, and then dispersed into 27.77 mL of 90% CH 2 O 2 together with the PA6 pellets. The solutions were left for 72 hours at 70 ∘ C on a magnetic stirrer. Four mixed treated solutions resulted. They were left to reach room temperature.
Electrospinning Conditions.
For the electrospinning procedure, an experimental device, built in the "Laboratoire de Physique et Mécanique Textiles, " ENSISA, Mulhouse (France), was used [7] . The 12 obtained solutions were electrospun for 15 minutes at 30 kV voltage, room conditions of 30% humidity, and 20 ∘ C. A 0.7 × 30 mm needle was used, with a 15 cm distance from the needle to the collecting area and a 0.283 mL feed rate was applied.
Structural Analysis of the Samples.
The obtained samples have been characterized using the scanning electron microscopy (SEM, Hitachi S-2360N) and the atomic force microscopy (AFM, NTEGRA Spectra NT-MDT). Table 1 shows the SEM results, for each CNT concentration. In these pictures, 100 different fibers of each sample were measured in order to evaluate their diameters. Table 3 shows the AFM results for each CNT concentration. The surface roughness for 100 nanofibers per sample was calculated using the Gwyddion free software. Average values of the roughness (Ra) and the average profile height (Rz) were obtained ( Table 2) .
The extreme Ra and Rz values were obtained for the chemically and mechanically treated samples: (i) min: 0.5% CNT content, chemical treatment: Ra = 2 nm; Rz = 9 nm; (ii) max: 0.5% CNT content, mechanical treatment: Ra = 11.2 nm; Rz = 57.8 nm.
Preparing the Samples for the Resistance Measurements.
In order to measure the volume resistance, three specimens of 1 × 1 cm were cut from each of the obtained samples, while for the surface resistance the cut dimension was 1 × 3 cm. Both the surface and the volume resistance were measured up to the American Standard ASTM D 257-61, using homemade plate electrodes. The electrodes were made from copper and they were previously metallized with a gold layer. Before the measuring procedure, the samples were left for 24 hours in the room where they were to be tested, in atmospheric conditions of 20 ± 2 ∘ C and 60 ± 2% humidity. The device used was the Knick Terra Ohm Meter (LPMT, ENSISA, Mulhouse, France).
An assembly of loads with the purpose of studying the effect of compression on resistivity was also used (Figure 1) . Table 4 contains the parameters of the electrical resistance measurements. 
Results and Discussions

The Influence of the CNT Content on the Morphology of the Nanofibers.
For the SEM analysis, for each sample, specimens from 3 different areas were taken: two extremities and the center. The diameters of the nanofibers varied from 43.37 nm corresponding to the 0.5% CNT mixed treated sample to 304.71 nm corresponding to the 0.5% CNT chemically treated sample. Analysing the values of the obtained diameters, the obtained nanofibers show a high level of homogeneity. As far as defects are concerned, the chemically treated samples exhibit solvent traces on the extremity specimens, which caused that the nanofibers stick to each other. At the same time, the nanofibers from the extremities are not uniform and are flat. However, the nanofibers analysed from the center specimens have a uniform aspect with a homogenous structure. Occasionally, few beads are also present [8] .
In the case of mechanically treated samples, the traces of solvent are significantly reduced if compared to the chemically treated ones. Instead, the number of beads is higher. Another important aspect is that the electrospinning jet was not continuous, as droplets of solution are present on the surface of the nanofibers. The mixed treatment led to the following results: very high number of beads on the surface of the nanofibers and flat fibers. This is caused by the fact that the CNT structure was influenced by two important factors: chemical and mechanical treatments. It can be concluded that both treatments combined proved to be too aggressive for the CNT structure.
Next we will analyse the percolation threshold of the nanocomposites and the influence of the CNT on the volume resistivity of the chemically treated nanofibers. Figure 2 shows the behaviour of the electrical volume conductivity in S/m of the pristine PA6 sample, compared to the reinforced PA6, at different CNT content, for each of the 3 applied treatments. The obtained results have shown that the percolation threshold is below the 0.5% concentration. Increasing the CNT, conductivity also increases, which proves that the electrical status of the nanocomposite changes from an insulative into static dissipative material (where the conductivity is between 1 × 10 −4 S and 1 × 10 −11 ) [9] [10] [11] . One can also notice that the values of the volume resistivity of the samples decrease together with the applied load ( Figure 3) . This shows the fact that the nanocomposites can be used as pressure sensors and be integrated in smart textiles [12] .
Percolation Threshold of the Reinforced Nanocomposites and the Influence of the CNT Content on the Volume Resistivity of the Nanocomposites.
The Influence of the CNT Content on the Surface
Resistivity of Nanocomposites. Due to the fact that the dimension of the analysed specimens was 1 × 3 cm and the dimension of the electrodes was 1 × 1 cm, the distance between the electrodes equals the dimension of the contact surface (1 × 1 cm) . The CNTs are present both inside and on the surface of the nanofibers [13] . This means that the values of the surface resistivity are the same with those of the surface electrical resistance. Figure 4 shows the evolution of the surface electrical resistivity for the obtained samples. There were no significant changes for the surface resistivity of the samples. Neither the CNT content nor the applied treatment has shown a significant change in the surface resistivity in relation to the applied load.
We note that the electrical behaviour of the PA6-CNT nanocomposites analysed in the current paper (volume resistivity and conductivity, surface resistivity and conductivity) can be theoretically approached using the two nanocomposite models, (the Tanaka or the Tsagaropoulos model) [14, 15] . In such a context, different dependencies of the above mentioned electrical parameters can be accepted (temperature dependency, etc.) so that the dynamics analysis can become more complex but complete. We consider that this study requires a separate analysis which will be done in a future paper.
Conclusions
The main conclusions of the present paper are as follows:
(i) as far as defects are concerned, the chemically treated solutions gave the most uniform nanofibers;
(ii) the biggest number of defects found on the nanofibers resulted from the mixed treatment;
(iii) the percolation threshold could not be reached; it is below 0.5% concentration;
(iv) increasing the CNT, the volume conductivity also increases;
(v) the values of the volume resistivity of the samples decrease together with the applied load;
(vi) for surface resistivity, no significant changes were observed; neither the CNT content nor the applied treatment has shown a significant change in the surface resistivity in relation to the applied load. 
